Water yam (Dioscorea alata L.) is one of the most important food yams with wide geographical 41 distribution in tropics. One of the major constraints to water yam production is anthracnose disease 42 caused by a fungus, Colletotrichum gloesporioides (Penz.). There are no economically feasible 43 solutions as chemical sprays or cultural practices, such as crop rotation are seldom convenient for 44 smallholder farmers for sustainable control of the disease. Breeding for development of durable 45 genetic resistant varieties is known to offer lasting solution to control endemic disease threats to 46 crop production. However, breeding for resistance to anthracnose has been slow considering the 47 biological constraints related to the heterozygous and vegetative propagation of the crop. The 48 development of saturated linkage maps with high marker density, such as SSRs, followed by 49 identification of QTLs can accelerate the speed and precision of resistance breeding in water yam.
Introduction 5 111 disease in water yam showed that resistance is likely to be dominant and quantitatively inherited 112 [15, 19] . Mignouna et al [20] used AFLP markers to demonstrate that there is a single major 113 dominant locus, designated as Dcg-1, controlling resistance in the breeding line, TDa 95/00328 114 and this resistance is isolate specific. Moreover, it was also suggested that combining both 115 conventional and molecular approaches would be the best approach to develop varieties with a 116 wide range of stable resistant gene (s) to sustain against a broad spectrum of fungal pathogens for 117 yam improvement. It is an already well-established fact that speed, economics, and precision can 118 be improved in breeding cycles by using molecular markers and dense genetic linkage maps. The 119 availability of molecular markers and linkage maps allows identification of locations or markers 120 linked with the trait of interest, thus making it possible to manipulate and understand the 121 inheritance of quantitative traits such as disease resistance. It is also possible to precisely localize 122 quantitative trait loci (QTLs) on the linkage map. 123 Attempts have been made to construct linkage maps in Dioscorea spp. and the first map was 124 developed using AFLP and SSR markers in dioecious diploid wild species D. tokoro [21] . 125 A mapping population of D. alata consisting of 94 progenies developed from a cross of two diploid 140 genotypes including TDa 95-310 (susceptible male parent) and TDa 95/00328 (moderately 141 resistant female parent) was used in the study. Both parents are breeding lines developed at IITA 142 and showed differential reactions to several isolates of Colletotrichum gloeosporioides [14] . 143 Tubers of 96 yam genotypes, including both parents, were sliced into minisetts of 20-25 g and 144 planted in plastic pots filled with sterilized soil. The experiment was carried out in the greenhouse 145 for three months, an optimal age for vine cutting, and the vines were cut from each genotype to 146 establish a new set of plants of uniform age and growth across all the genotypes before inoculation 147 with the most virulent isolate of C. gloeosporioides, Kog01R1. The mini-tubers from each 148 genotype was harvested which served as the planting materials of the following two years for 149 assessment of anthracnose disease for a total of three years.
150
Screening of mapping population for anthracnose disease 151 In the anthracnose screening, a virulent fast-growing salmon (FGG) isolate of C. gloeosporioides 152 (Kog01R1), representing the most virulent group in the population of isolates sampled from five 153 different countries in West Africa (Nigeria, Ghana, Ivory Coast, Togo and Benin) [11] , was used.
154
All 96 genotypes were planted using a completely randomized design with four replications and 155 the parents were considered as controlled checks in all three years' evaluations. Whole-plant 156 inoculation was used for disease-assessment and scoring [25, 26, 13] . All the plants were spray-157 inoculated with spore suspension of Kog01R1 isolate (10 6 spores mL -1 ) in the screenhouse using 158 approximately 1 mL of inoculum per plant. The inoculated plants were scored for anthracnose 7 159 severity from 3 rd day onwards until 11 th day on a scale of 1-5 using the percentage whole plant-160 area scoring method [27] with slight modification according to Onyeka et al [13] . Anthracnose 161 score 1 represented high resistance with a leaf area damage of < 2% and score 5 represented high 162 susceptibility with a leaf area damage of > 50%.
163

DNA extraction 164
Genomic DNA from all 94 individuals and two parents was extracted from young leaf tissues 165 collected before inoculation of the plants according to the procedures described by Sharma et al.
166
[28]. DNA was extracted from 1 g of fresh leaves of 3-months-old screenhouse grown plants.
167
DNA quality was assessed by running the samples on 0.8% agarose gel following electrophoresis, 168 and the quantity was estimated on NanoDrop2000 spectrophotometer, using the ratio of 169 absorbance at 260 nm and 280 nm to assess the concentration in ng/µl and purity level of the DNA.
170
EST-SSR analysis 171 The DNA samples collected from the mapping population and the two parents were shipped to 172 GBRU, USDA-ARS, Stoneville for further analysis. A total of 1152 EST-SSRs were generated 173 from >40,000 EST-sequences [23] , which were tested for polymorphism on the two parents. A 174 total of 435 SSRs were polymorphic, 329 did not produce any amplified products, and remaining 175 388 SSRs were monomorphic. Among 435 polymorphic SSRs, 380 showed good polymorphisms 176 and were bi-allelic while 55 showed multi-allelic banding patterns. Only the bi-allelic 380 SSRs 177 were selected for further analysis and their forward and reverse sequences can be obtained from 178 the corresponding author on request. Fig 2) . The highly virulent isolate Kog01R1 from Nigeria was 10 230 selected to evaluate the mapping population consisting of the two parents and their ninety-four 231 progenies. Kog01R1 has the features to exhibit high virulence at all stages of experiments carried 232 out and it also showed the highest rate of infection in all the tested yam varieties, although there 233 was variation in the rate of infection [14] . It is similar in characteristics to the fast-growing gray 234 (FGG) isolates of C. gloeosporioides, and Abang et al [24] stated that FGG group is of high 235 virulence as observed based on morphological characterization of isolates.
236
The phenotypic evaluation of bi-parental population of 96 genotypes (2 parents and 94 progenies) 237 for anthracnose disease was carried out for three years in greenhouse using whole-plant inoculation 238 technique. The parental clones showed a contrasting level of resistance. TDa 95/00328, moderately 239 resistant female parent, showed a higher resistance to the isolate than the highly susceptible male 240 parent, TDa 95-310. The phenotypic scoring of 94 progenies based on whole plant anthracnose 241 severity resulted in 5.2% of highly resistant, 25.0% resistant, 44.8% moderately resistant, 24.0% 242 susceptible, and 1.0% highly susceptible groups as their mean anthracnose incidence across three 243 years [14] (Fig 3) . Linkage mapping 265 The genetic linkage map was constructed using 380 EST-SSR marker data on both parents and 94 266 segregating progenies (Fig 4) . The final map comprised of all 380 markers mapped onto 20 linkage 267 groups with a total length of 2559.66 cM and a LOD score of 3.5. Segregation distortion analysis 268 revealed that majority of the markers segregating in the population followed a Mendelian 269 segregation pattern of either an F1 (3:1) or F2 (1:2:1). The high proportion of segregation distortion 270 among the markers did not affect their assignment to linkage groups as some of the highly distorted 271 markers were mapped on linkage groups alongside those that were not distorted. Linkage group 1 272 recorded the largest number of markers comprising of 97 markers with an average marker interval 273 of 3.2cM. Linkage group 20 was the shortest with five markers (Fig 4) . individual three years and averaged over three years for 94 segregating progenies and their parents 283 is represented as a frequency histogram in Figure 3 . The distribution of disease severity was 284 skewed towards resistance with majority of the progenies falling under resistance or moderately 285 resistance category (Fig. 3) . QTL analysis was carried out using disease severity score data 286 collected during individual years and averaged over three years and SSR data on 94 progenies.
287
Based on simple interval mapping and LOD score of >3.5, a significant QTL was observed on LG 288 14 at position 77.94 cM (between 71.12 -84.76 cM) explaining 68.94% of total phenotypic 289 variation ( Fig 5) . The QTL position was then checked for each year wherein no significant QTL 290 was observed when LOD score was 3.5 for 2011. However, with a lower LOD score of 3.4, a 291 significant QTL was observed on LG 14 (Fig. 6) . Similarly, for 2012, one significant QTL was 292 observed on LG 14 with LOD score of 3.8 at position of 77.94 cM (between 71.85 -84.03 cM) 293 and explaining the phenotypic variation of 75.61%. For 2013, two significant QTL was observed 294 when LOD was greater than 3.5 on LG 12 and LG 14 ( Fig 6) . The QTL on LG14 was consistently 295 and significantly associated with anthracnose resistance with high LOD score (>3.5) in two out of 296 three years and average score data. This QTL was consistently found at position 77.94 cM falling 297 between 71.12 -84.76 cM (Table 2) . However, if the LOD score was reduced to >2.0, a larger 298 number of QTL (s) were observed across individual years and average score data ( Fig 6) .
299
Additional QTLs were observed on LG 9, 12 and 17 for 2011; while QTL (s) on LG1, 2, 4, 7 and 300 11 for 2012; and QTL (s) on LG 9, 11, 12 and 16 for 2013. For average over three years, an 301 additional QTL on LG12 was observed at LOD score of >2.5 ( Fig 6; Table 2 ). Both parents used were infected by Kog01R1, although the severity of symptoms was much higher 332 on TDa 95-310 (highly susceptible parent) than on TDa 95/00328 (moderately resistant parent)
333
[14]. The segregation of 94 progenies for anthracnose response showed a distribution from highly 334 resistance to highly susceptible (Fig. 3) 
534
Phenotypic evaluation of genotypes based on detached leaf technique and whole plant inoculation.
535
The disease scoring was based on symptoms and disease progression after 0 DAI, 7 DAI and 15 536 DAI on a scale of 1-5. DAI: days after inoculation. Linkage map constructed based on genotypic data on two parents and 94 progenies. 
